Abstract. In the paper we use direct molecular dynamics modeling to
INTRODUCTION
The problem of investigating relationships between surface roughness of solids and friction mechanisms is of great practical and scientific interest. As mentioned in [1] [2] [3] , E. Rabinowicz was one of the first to explore this issue. In 1958 he proposed an original criterion that determines the contact mode of two friction surfaces by means of estimating contact stresses [4] . As long as the stresses in the vicinity of contacting microasperities are less than the yield strength of a material, it is plastically deformed. In the case the stresses exceed the yield strength, cracking of the surface layer of the material and formation of wear debris can occur. Thus, according to this criterion, the formation of wear debris and transition to adhesive wear are possible only when the contact area is larger than a critical value. The criterion proposed by E. Rabinowicz can be written as follows
where σ 2 0 -shear strength, G -shear modulus and ∆w -increment of surface energy. Although this assumption can be verified numerically, there were some difficulties caused by the dominance of the methods of continual description of simulated medium. The limitation of continual models lies in their inability to explicitly simulate (without loss of accuracy) wear process because of complicated description of the formation of debonded fragments and new contact spots. Therefore, the particle method and its various modifications seem to be substantially more effective [5] [6] [7] . In terms of this discrete approach the processes of multiple cracking and rebinding of the medium can be explicitly simulated.
Molecular dynamic simulation is one of the most widespread methods of discrete description. Most commonly, atomistic simulation of adhesive wear predicts continuous smoothening of surfaces rather than sliding of contacting bodies with formation of wear debris. First of all, this is due to the limitations on spatial dimensions of the simulated system. In this regard, it is worth to emphasize the studies [8, 9] done by the group of Molinari, which have firstly predicted the formation of wear particles induced by the damage of the surface layer of a material during adhesive interaction of surface microasperities within the framework of empirical molecular dynamics. This result was obtained by elaborating simple pair potentials with tuned inelastic properties, which then could be associated with macroscopic behavior of actual materials. The authors have proposed a simple analytic expression that is completely similar to Eq. (1) and that predicts the transition to the adhesive wear mechanism in terms of single asperity size:
where σ 2 j like σ 2 0 in Eq. (1) characterizes shear strength, while is the coefficient related to the surface roughness geometry.
In order to study the relation between surface roughness parameters and wear mechanisms a single contact model elaborated within the framework of empirical molecular dynamics was used in [8, 9] , which did not imply a tight link to the scale of a simulated sample. At the same time, worth mentioning is the study of the authors of the present paper [10] , where MD simulation of a tribofilm consisting of amorphous-like silicon dioxide particles resulted in the prediction of the conditions of wear mode transition of two contacting bodies from a laminar sliding regime to an abrasive wear regime with the formation of wear debris. In contrast to empirical molecular dynamics with phenomenological pair interaction, the Tersoff three-particle interatomic potential [11] adapted for calculations of different Si-O compounds like α-quartz and SiO 2 glass [12] was used there. Moreover, in [10] it was considered a continuous tribofilm with periodical boundary conditions rather than single contacting microasperities with various dimensions, and the tribofilm temperature was used as a criterion for transition between the friction regimes. When the kinetic temperature of the sample was above the glasstransition temperature of SiO 2 , the sliding regime was unstable and accompanied by the formation of an agglomerate of silicon and oxygen atoms. When simulating shear deformation of the tribolayer at the temperature corresponding to extreme conditions of a thermal burst in a contact patch, the sliding turns into the laminar regime. Considering equations (1) and (2), it can be supposed that the system temperature specified in the simulation determines energetic characteristics of the simulated medium, in particular the ∆w and σ 2 j (σ 2 0 ) values. However, this assumption requires detailed verification. Thus, the objective of this work is to study the sliding behavior of silica-based tribofilm in order to understand the influence of temperature of the atomic system and size parameter of the simulated sample on adhesive wear mechanisms.
NUMERICAL MODEL
The initial structure of amorphous silica sample was created by the following algorithm. At the beginning the initial structure of alpha-quartz (SiO 2 ) was formed by bonding Si-O tetrahedra together. The bulk sample in a shape of the parallelepiped with the following geometry: 15.0 x 11.6 x 8.3 nm along x (L x ), y (L y ) and z (L z ) directions respectively was used as a basic specimen (see Fig. 1a ). To study the influence of size parameter on sliding regime of the simulated sample three other specimens where the width (L x ) was equal to 10.0, 22.5 and 30.0 nm were generated as well. Thus, the width of the narrowest specimen was corresponded to 0.67 width of the base sample, and the number of atoms in it did not exceed 110 thousand. The width of two other samples corresponded to width of the base sample multiplied by 1.5 and 2.0, which contained 270 and 360 thousand atoms, respectively. Each specimen was divided into three zones: A, B and C, as shown in Fig. 1 .
To prepare the amorphous layer the central zone C in each specimen was subjected to heating up to a temperature of 6000 K within the framework of a microcanonical ensemble NVE until this fragment was completely melted. Height (L y ) of zone C in all samples was identical and equal to 10 nm. After 10 ps at 6000 K the melted fragment was quenched to the required temperature during 170 ps. At the end of this procedure, we obtained a block with amorphous silica interlayer as shown in Fig. 1b .
For generation of positions and velocities the modeled sample was considered as an NVE ensemble that maintained the number of particles N, the occupied volume V and the energy of the system E. The integration of Nose-Hoover style non-Hamiltonian equations of motion was utilized with a time step Δt of 0.5 fs. To imitate the extension into a tribofilm, periodic boundary conditions were assigned along x and z direction. All simulations were performed using LAMMPS [13] , while for the visualization of the simulation results and structure analysis the visualization tool OVITO [14] was used. The calculations were performed on the SKIF Cyberia supercomputer resource of Tomsk State University.
The modeled structure was located between the two loaded layers and subjected to a sliding loading with constant velocities (V) +15 and -15 m/s applied to the upper and lower layers, respectively as shown schematically in Fig. 1b . Thus the total sliding velocity was 30 m/s. Despite the rather large values, these are the characteristic velocities used in MD simulation, since the calculation times are usually only a few nanoseconds. Simultaneously with shear loading a normal force (F) of 1.3 nN was applied along +y-and -y-directions yielding a total contact pressure of about 350 MPa. The temperature of the whole specimen was kept constant within NVT ensemble and was varied in the range from 300K (ambient temperature conditions) to 1100 K (for sliding simulation under flash temperature conditions at the local contact) [15] . The given temperature is achieved by using the velocity rescaling method during the MD simulation process from the energy balance described by Eq. (3):
where N is the atom number, k b is the Boltzmann constant, m i and v i are the i th atom mass and velocity, respectively.
Since the mechanical properties of amorphous material is closely related to its density, the resulting density was kept constant at 70 at./nm³ (2.25g/cm3) for all tests. The integration of Nose-Hoover style non-Hamiltonian equations of motion was utilized with a time step Δt of 0.5 fs.
Note that due to the action of periodic boundary conditions along the direction of applied load, we have not a spatially independent tribofilm, but a spatially limited fragment that regularly repeats in this direction. However, within this fragment, the implementation of various physical processes and mechanism of deformation are not limited. This means that the variable width of the fragment being modeled can be that critical spatial parameter determining the character of the wear process.
RESULTS AND DISCUSSION
As mentioned above, the performed earlier sliding simulation using the Tersoff potential showed a pronounced effect of the system temperature on the ability of a silica tribofilm to exhibit smooth sliding [9] . The latter was obtained at the high temperature only, whereas at 300 K a stick-slip type of sliding was observed. Following the goal of the paper, we simulate the sliding of amorphous silica sample with the width of 15.0 nm at few different temperatures: 300 K, 400 K, 500 K, 600 K, 700 K, and 1100 K. According to the simulation results the critical temperature (T c ) above which the transition from unstable behavior with debris formation to smooth sliding conditions is taking place is about 500 K. For two other specimens with L x =22.5 nm and L x =30.0 nm, temperature T c is also close to 500 K, while for the narrowest specimen with the width of only 10.0 nm the critical temperature is much lower and is about 300 K. This means that the size of the fragment being modeled is so small that debris formation in it is possible only under conditions of increasing viscosity (adhesive properties) of the modeled system in comparison with large-sized samples. Fig. 2 denotes the resulting structures of all considered specimens at the stage of sliding where wear debris forms in the amorphous layer. According to the trajectories of atoms (see Fig. 2e ) these wear particles seem to adopt the function of nano-sized rollers. The same samples were also studied at elevated temperatures. Fig. 3 denotes the resulting structures of the specimens at the conditions of smooth sliding. In comparison with the data presented in Fig. 2 , only the temperature was increased by 100 K, while all other parameters remained the same. It is well seen that the velocity accommodation between the upper and lower part of the specimen in that case occurs almost entirely within the amorphous layer. In contrast to the conditions of the critical temperature, no damaged regions are observed and shearing takes place homogeneously within the layer. Instead of the movement of aggregates of linked atoms, now single atoms move as they do in liquid films -in opposite directions along the interface between the upper and lower part and a neutral layer in the middle. This is well indicated by arrows in Fig. 3e , where atoms trajectories at steady state motion are shown. Comparing Figs. 2 and 3 it can be seen that increase in temperature above the critical value (~500K in our case for most samples) leads to change in the sliding regime from unstable with possible formation of wear debris to smooth sliding. Moreover, it was found that the critical temperature decreases rapidly with decreasing sample width of less than 15 nm, which corresponds to the width of the basic sample in our calculations. Thus, as we assumed, the temperature of the system acts as a controlled parameter that ensures a change in the adhesive properties of the model material. Increasing the temperature leads to a decrease in adhesion forces, and hence to a change in the sliding regime. At the same time, as mentioned early in the Introduction, there is a critical length scale of the system, which can change the conditions for transitions of the sliding regime. Fig. 4 demonstrates the dependence of the sample width on the T c value. In order to verify Eqs. (1) and (2) we calculated the values of the resistance force to tangential motion within the amorphous interlayer acting on the atoms belonging to the loaded layers for the base sample at various temperatures. In addition, the estimation of the corresponding change in specific surface energy was made. The latter is calculated as the difference between the energy of a crystallite with a free surface and the same crystallite with periodic boundary conditions divided by the area of the free surface. Calculated results are presented in Fig. 5 and summarized in Table 1 . According to the data, as the temperature rises, both energy characteristics fall. So the peak value for the shear resistance force at 300 K is ~1590 eV/Å and at 400 K is about 1500 eV/Å. At the same time, the specific surface energy decreases from 3. 
CONCLUSION
Direct molecular dynamics modeling of the shear deformation of a silica sample containing an amorphous interlayer has demonstrated the effect of temperature and size of the system on the character of its sliding while other loading conditions remained constant. It was found that the conditions for changing the regime of sliding for the modeled tribofilm can be qualitatively and quantitatively described by the criterion proposed by E. Rabinowicz [4] , namely the existence of critical size of a single roughness leading to friction mode switching from smooth sliding to abrasive wear. Calculations showed that the ratio of two critical sizes of the system, obtained by direct MD simulation and the ratio of two critical length parameters calculated on the basis of Eqs. (1) or (2), give similar values. This confirms the validity of the Rabinowicz's criterion not only for the macroscopic systems but also for atomic objects. As limitations of the proposed model of the tribofilm, note that the use of periodic boundary conditions along the loading direction has certain effects on the conditions of wear debris formation and therefore has to be studied additionally in details.
